with respect to the plane of the structure. Other attempts to create CD with a non-chiral sample have been carried out surrounding the sample with a chiral medium [11, 12] . In this article, we show for the first time how to induce CD in a non-chiral sample, under normal incidence. In contrast to the previous approaches, the mirror symmetry of the system is broken with an internal degree of freedom of the input beam: its angular momentum (AM).
The AM of light has gained a lot of interest since the seminal work of Allen and co-workers [13] . One of the interesting properties of the AM of light is that photons carry AM in packets of m units. Furthermore, it was shown that the AM of a beam is linearly related to the rotation speed that absorbing particles can achieve when they interact with the beam [14] . Our experiments show that CD can be induced in a non-chiral sample if the two (left and right) circularly polarized modes are vortex beams. The reason behind this interesting phenomenon is that the input beams are not a mirror images of each other.
A sketch of the experimental set-up we used is depicted in Figure 1 . It can be divided into three parts: preparation of states, non-paraxial interaction with the sample, and measurement. For the state preparation we use a CW laser working at wavelength λ 0 =633 nm, producing a collimated, linearly polarized Gaussian beam. From this Gaussian beam, we create a vortex beam (see Figure 1 (c))with a Spatial Light Modulator (SLM) by displaying an optimized pitchfork hologram [15] (see Figure 1(b) ). Proper control of the pitchfork hologram allows us to create a phase singularity of order q in the center of the beam, i.e. the phase of the beam twists around its center from 0 to 2πq radians in one revolution. Note that when q = 0, the SLM behaves simply as a mirror. We finish the preparation of the input beam by setting its polarization to either LCP or RCP. This change of polarization prepare an input Gaussian beam from a laser source in order to optimize the diffraction from the SLM. We expand it to match the size of the SLM chip with a telescope (lenses L 1 -L 2 ) and then we control its polarization with a polarizer (P 1 ) and a half wave plate (HWP). A pitchfork-like hologram ((b)) is used to prepare a vortex beam ((c)) and the non-desired orders of diffraction are filtered with a lens (L 3 ) and an Iris (I). Lens L 4 is used to match the size of the back-aperture of the microscope objective. Then, we control its circular polarization with a second polarizer P 2 and a quarter wave plate QWP 1 . After that, we focus the beam to the plasmonic structure (S) ((d)) with a microscope objective (MO 1 ) of 1.1 numerical aperture (NA). Finally, we collimate the scattered light from the sample with another microscope objective (MO 2 ) with NA= 0.9 and measure the transmission with a charged-couple device (CCD) camera.
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does not appreciably affect the spatial shape of the input beam.
After this initial preparation, the light is focused down to interact with a plasmonic sample using a high numerical aperture (NA= 1.1) microscope objective. The samples are circular nano-apertures drilled in a 200 nm gold film deposited on a 1 mm glass substrate (see Figure 1(d) ). The diameters of the nano-apertures range from 200 to 450 nm (see Methods).
They are centered with respect to the incident beam with a nano-positioning stage. The interaction of the light and the centered nano-aperture occurs in the non-paraxial regime.
Typically, the nano-aperture only allows a small part of the incoming beam to be transmitted.
The transmitted light is scattered in all directions. This facilitates the coupling of light to superficial modes of light, as it has been described theoretically and experimentally by many authors [16] [17] [18] . The transmitted light is then collected by another microscope objective.
Finally, a camera is used to capture the transmitted intensity.
The CD of our samples is measured using the following procedure: First, we create a vortex beam of optical charge q with the SLM. Secondly, we rotate QWP 1 to polarize the beam with LCP. Then, we center the sample with respect to the beam, at the focal plane of MO 1 . We measure the transmitted intensity I L q , where L stands for the polarization of the beam (LCP) and q for its optical charge. Then, we rotate QWP 1 again to change the polarization state to RCP and re-center the sample. Finally, we measure the transmitted intensity I R q . From there, the CD associated to the vortex beam with charge q can be obtained in the usual manner: the transmitted intensity with LCP and RCP modes are subtracted and the result is normalized by their addition: Our results are presented in Table I and Figure 2 . The first column of Table I shows the size of the nano-aperture in consideration. The rest of columns show the measured CD using beams with different phase singularities of order q = −1, 0, 1, respectively. As expected, due to the fact that the circular nano-aperture is mirror symmetric and the incidence is normal, the CD is very close to zero when the incident beam is Gaussian (q = 0). The residual CD can be attributed to small asymmetries on the sample or the incoming beam. When vortex beams with q = −1, 1 are used the situation is very different. We obtain a very large value for the CD, of the order of 90% for some nano-apertures, even though the incidence is normal and the nano-aperture is still mirror symmetric. Furthermore, it can be observed that there is an underlying symmetry relating the value of CD 1 and CD −1 . Indeed, CD 1 −CD −1 . Let us now discuss these results. In order to understand the appearance of CD in a circular sample under normal incidence, we have to take a careful look at the symmetries of the system and the light probing the samples. We can start considering the symmetries of the target T comprising the two microscope objectives MO 1 , MO 2 and the sample S (see Figure 1(a) ). This will simplify the discussion, as we will just consider the interaction of a paraxial beam with the T, as well as the output beams which will also be paraxial. Then, as both the circular nano-aperture and the microscope objectives have cylindrical symmetry along an axis normal to them, T is cylindrically symmetric. Without loss of generality we will label the symmetry axis as z and we will denote the rotations around this axis by R z . Furthermore, T is also symmetric under any mirror transformation that contains the z axis, e.g. a transformation flipping the x axis and leaving the other axis invariant. We will refer to such transformations as M {ẑ} . Now we will turn our attention to the symmetries of the light beams. The electric field of the light beam incident on T can be described within the paraxial approximation with the complex vector: 
Also note that a beam with p = 0 would be linearly polarized and will be no longer an eigenstate of J z , since a rotation of the field would not leave it invariant. In fact, a closer look to equation (2) enables us to see that when p = ±1 the beams E in p,q are eigenstates of the helicity operator Λ with value p [19] [20] [21] . That is, ΛE in p,q = pE in p,q , where Λ = J · P/|P| and P is the linear momentum operator. Hence, with our notation, a beam E in p,q with p = 1 is both LCP and also an eigenvector of Λ with value 1, whereas a beam E in p,q with p = −1 is RCP and its helicity equals to −1. We would like to emphasize that this simple relation between helicity and polarization is only valid because, as mentioned previously, we are describing the system in the paraxial regime. When the paraxial approximation does not hold, the polarization of the field and helicity can no longer be so simply related [20] . Now, if we apply a mirror transformation to the incident beam we obtain:
where α is a phase given by the specific mirror transformation chosen. That is, we obtain a beam with the angular momentum and the helicity eigenvalues flipped. This is a consequence of the fact that both J z and Λ anticommute with the mirror symmetry transformations M {ẑ}
We will now explain our experimental results. We will start by classifying the transmitted electric field E t p,q with the parameters p and q from the incident field: p = −1, 1 and q = −1, 0, 1. Remember that for the incident field E in p,q , p is modified with QWP 1 and q with the SLM (see Figure 1) . Mathematically, the field E t p,q can be obtained through the use of a linear operator, S, which can be found using the Green dyadic formalism and contains all the relevant information about target T [17, 23] . That is, E t p,q = S{E in p,q }, where the action of S on the incident field will in general be in the form of a convolution. As S is simply the mathematical description of T, S inherits the symmetries of T. Thus, due to the cylindrical and mirror symmetries of the target and given an incident field E in p,q , the following statements hold: First, the transmitted field E t p,q will also be an eigenstate of J z with the same eigenvalue of m = p + q (see Methods). Second, two incident beams which are mirror images of each other will produce two transmitted fields which will be mirror images (see Methods). That is, given two mirror symmetric beams such as E Table (I) and Fig. (2) . In equation (1), the intensities can be obtained from the transmitted electric field:
where the integral is taken on the plane of the detector (in our case CCD chip of the camera).
Then, for a mirror symmetric sample, it can be proven (see Methods) that
Let us apply it to prove that CD 0 = 0 and that CD q = −CD −q . When q = 0, we obtain that I and E in −1,1 . In the upper row, the intensity and phase of the beams are shown on the back-aperture plane of the MO 1 . Both the intensity and the phase can be described with eq 2. In contrast, the three rows below show the intensity and the phase of the same beams (E in 1,1 and E in −1,1 ) at the focal plane of MO 1 . As it can be observed, even though their paraxial intensities and phases are analogous, their structure is completely different at the focal plane. This is a direct consequence of the fact that the AM of both beams differ in two units. This problem can be analytically studied using the Generalized Lorenz-Mie Theory [24, 25] .
Using the model of the aplanatic lens [26, 27] , one can check that the fields at the focal plane are their multipolar decompositions [28, 29] . These two different focused fields couple very differently to the multipolar moments of the structure. In the case of a spherical object, the coupling of multipolar modes depends drastically on its diameter. Furthermore, the relation between the coupling coefficient and the sphere radius is non-linear and rather complex [29] , giving rise to the so-called Mie resonances in the scattering of the sphere. Then, given two spheres of different sizes, different coupling scenarios can occur not only depending on the geometry of the particles but also on the beams used to excite these particles. Very similar effects have been experimentally observed for other plasmonic structures [30] [31] [32] . Then, CD with vortex beams can potentially provide useful information about the differential absorption or scattering of AM modes.
In conclusion, we have observed a giant CD on a subwavelength circular aperture induced by vortex beams. We studied the transmision of beams with three different phase singularities of order q = −1, 0, 1. We have seen that the results can be conveyed from a symmetry perspective. In particular, we have proved that, even for mirror symmetric systems, CD can be induced if the LCP and RCP beams are not connected via a mirror symmetry. We show that the information carried by CD measurements has two different contributions: the differential scattering of different circular polarization states but also the differential scattering of different angular momentum states. Thus, we expect that vortex beam-induced circular dichroism will be able to unveil properties of the sample which are hidden to the standard circular dichroism measurements. Finally, it is interesting to see that in other related phenomena, such as molecular optical activity, the interplay between the two symmetries associated to helicity and AM (electromagnetic duality and rotational symmetry) are also essential to fully understand the problem from first principles [35] .
Methods
We consider the rotation transformations (R z ), mirror transformations (M {ẑ} ) and angular momentum (J z ) operators, as well as the scattering operator (S) as linear integro-differential operators acting on the electric vector of the complex electromagnetic field.
Preservation of J z for the transmitted field
Due to the invariance of T under rotations around the z axis, the linear operator S, which contains all the information about the system, commutes with the rotations R z : R † z SR z = S. Due to the bijective properties of the exponential function, the same commutation relation holds for the generator of rotations, J z : J † z SJ z = S. Then, given that E in p,q is an eigenvector of J z , E t p,q must also be an eigenvector of J z with the same eigenvalue:
Scattering of mirror symmetric beams
Due to the invariance of T under mirror symmetries, the linear operator S, which contains all the information about the system, commutes with M {ẑ} : M † {ẑ} SM {ẑ} = S. Now, given two mirror symmetric beams such as E in p,q and E in −p,−q (see equation (3)), it can be checked that their respective transmitted fields (E t p,q and E t −p,−q ) are related with a mirror symmetry:
Proof of I
As mentioned in the body of the manuscript, the target is cylindrically symmetric scatterer. Hence, if the incident field E in p,q is an eigenstate of J z with eigenvalue (p + q), then the transmitted field E t p,q needs to remain an eigenstate of J z with the same eigenvalue (p + q). Nevertheless, the helicity is, in general, not preserved in the interaction. This phenomenon is a consequence of the duality symmetry being highly broken by the nano-aperture and the multilayer system [20, 21, 33, 34] .
Because duality symmetry is highly broken by the sample, the helicity of the incident beam E in p,q is not preserved. Thus, the field E t p,q comprises two helicity components, one of polarizationê p and another one of polarizationê −p : 
Following an identical procedure, the following equation yields for I
Choosing the mirror symmetric operator to be M {ẑ} = M {x→−x} , then we can use equation (3) to get a relation between the coefficients in equations (9, 10):
E t p,q = A t p,q (x, y)ê p + B t p,q (x, y)ê −p = M {ẑ} E t −p,−q = = M {ẑ} A t −p,−q (x, y)ê −p + B t −p,−q (x, y)ê p = −A t −p,−q (−x, y)ê p + B t −p,−q (−x, y)ê −p (11) which implies that A t p,q (x, y) = −A t −p,−q (−x, y) and B t p,q (x, y) = B t −p,−q (−x, y), due to the orthogonality ofê p andê −p . Consequently, it follows that: 
Fabrication of samples
The tested nanoholes were fabricated by milling with a FIB on a gold layer of 200 nm, deposited on top of a 1 mm thick glass substrate. The distance between them is 50 µm, thus avoiding the coupling of surface plasmons launched from one nanohole to the closest neighbor.
Imaging of the samples
The images were taken with a secondary electron Scanning Electron Microscope (SEM, JEOL JSM-6480) operated at 10KeV. The images were analyzed with Matlab where the boundaries of the nanoholes were determined by selecting the pixels whose intensity was below the 10% of the maximum. The presented images on Figure 1 were not post-processed. The obtained diameters are listed in Table I on the manuscript.
Nanopositioning system
The sample is mounted on a piezo electric transducer (PZT) on closed-loop with resolution below 0.5nm (translation range 300 µm with 20-bit USB interface and noise floor of tens of picometers). * gabriel.molina-terriza@mq.edu.au
